Background Alterations in neurosteroid secretion have been implicated in the efficacy of antidepressants. In a previous study, the adrenal androgen DHEA, a precursor of the neurosteroid androsterone, produced antidepressant and libido-enhancing effects in patients with midlife depression. To investigate the mechanisms underlying DHEA's behavioral effects in this same patient group, we examined plasma levels of four additional neurosteroids implicated in the regulation of affective behavior. Methods Blood samples were assayed for neurosteroids in men (n=13) and women (n=10) with midlife depression who previously participated in a crossover study in which DHEA and placebo were administered for 6 weeks each. Depression severity was measured by the Center for Epidemiologic Studies Depression Scale (CES-D). Plasma levels of androsterone (ADT), allopregnanolone, pregnanolone, and pregnenolone were measured by GC-MS at baseline and week 6 of each treatment phase. Data were analyzed with repeated measures analysis of variance (ANOVA-R) and Bonferroni t tests. Results ADT levels (but not allopregnanolone, pregnanolone, and pregnenolone) increased after DHEA but not after placebo (F 2,42 =3.3, p<0.05). Post-DHEA ADT levels were higher in women than men [t 63 =2.9, p<0.05]. However, in both men and women who met criteria for clinical response on the CES-D, baseline ADT levels significantly increased post-DHEA, and the magnitude of the ADT increase post-DHEA treatment was similar in men and women. Consequently, it was the non-responders who accounted for the sex difference in post-DHEA plasma ADT levels, a difference that was driven by values in two women (the only female non-responders). Conclusions The small sample size notwithstanding, these data emphasize the potential behavioral relevance of ADT in humans, which may include contribution to the antidepressant effects of DHEA.
Introduction
In both humans and animals, neurosteroids have demonstrated psychotropic action and have been implicated in both the pathogenesis of depression and antidepressant action. Allopregnanolone and pregnanolone, both metabolites of progesterone, and androsterone, a metabolite of both DHEA and dihydrotestosterone, are potent modulators of the GABA A receptor (Majewska et al. 1986; Park-Chung et al. 1999) . Although results are not consistent, studies report abnormalities in blood levels of these neurosteroids in depressed men and women Kurita et al. 2013 ) and normalized levels in both plasma and CSF of patients successfully treated with antidepressants Romeo et al. 1998; Schule et al. 2006; Schule et al. 2007; Ströhle et al. 1999; Uzunova et al. 1998) . Finally, antidepressants promote the activity of synthetic enzymes involved in the formation of neurosteroids (i.e., 3-α-hydroxysteroid dehydrogenase [3α-HSD]), thus favoring the formation of neurosteroids (Griffin and Mellon 1999; Schule et al. 2006) .
DHEA has a potential role in the mitigation of stress and the promotion of resilience in humans (Russo et al. 2012) . Several clinical trials also have demonstrated positive effects of DHEA therapy under placebo-controlled conditions on mood symptoms in depressive disorders (Maninger et al. 2009 ), sexual function (Bloch et al. 2013) , and well-being (Bloch et al. 2012) , albeit in the context of several negative trials in older post-menopausal women involving many of the same outcome measures (Davis et al. 2011) . As DHEA acts directly as a neurosteroid and serves as an indirect precursor of several neurosteroid hormones, it is possible that alterations in neurosteroid levels within the CNS could contribute to the antidepressant effects of DHEA described in preliminary reports.
A potential role for the neurosteroid androsterone (ADT) in the mediation of DHEA's therapeutic effects was suggested by Bloch et al. (2006) in his investigation of men in whom hypogonadism was induced with GnRH agonist. In this study, Bloch et al. (2006) observed that changes in CSF levels of ADT (but not of testosterone (T) or other neurosteroids) were correlated with changes in sexual functioning, both during hypogonadism and T replacement. In rodents, DHEA treatment increases levels of allopregnanolone in both plasma as well as in the hippocampus and hypothalamus (Bernardi et al. 2005) . Further, several trials of DHEA in men and women have reported a treatment-related increase in plasma levels of allopregnanolone (and progesterone) in men and postmenopausal women (Genazzani et al. 2003; NadjafiTriebsch et al. 2003; Stomati et al. 2000) . Finally, pregnenolone, a precursor steroid of both DHEA and progesterone, and its sulfated metabolite pregnenolone-sulfate produce anxietylike behaviors in rodents, and levels of both pregnenolone and pregnenolone sulfate in mouse brain are decreased after DHEA administration (Melchior and Ritzmann 1994) .
In a previous randomized controlled trial of men and women with midlife-onset depression, we observed that treatment with the adrenal androgen DHEA enhances mood and sexual functioning. This earlier study, however, failed to identify a specific relationship between plasma levels of DHEA or any other measured hormone and improvements in behavior and mood. Although DHEA treatment also increased levels of testosterone (T) and androstenedione in both men and women, these changes were not associated with the response to DHEA (Schmidt et al. 2005 ).
In the current study, we examined the possibility that DHEA's psychotropic effects in midlife-onset depression could be mediated by its conversion to a neurosteroid metabolite or by its upstream actions on enzymes involved in the formation of other neurosteroid metabolites. We were interested in measuring the 3α,5α-reduced metabolite of DHEA, ADT, which is a potent modulator of the GABA A receptor (Majewska 1992; Park-Chung et al. 1999) . The aim of this study was to investigate if plasma levels of ADT, allopregnanolone, pregnanolone, and pregnenolone are altered by oral DHEA administration in men and women with midlife-onset depression. Additionally, despite the limitations of the small sample size, we explored possible relationships between the four targeted neurosteroid plasma levels and changes in mood in these men and women.
Experimental procedures
Participants We analyzed plasma levels of ADT, allopregnanolone, pregnanolone, and pregnenolone in men and women with midlife-onset depression who participated in a randomized controlled study, conducted in 1996-2002, at the National Institute of Mental Health (NIMH) Midlife Clinic in Bethesda, MD. Participants were men and women aged 40-65 years who reported the onset of depression within the past 5 years (and who were symptom free for at least 2 years before the onset of their current episode of depression). Reproductive status was recorded in women but was not a selection criterion for the original treatment trial. All men and women met structured diagnostic criteria for major or minor depression (the criteria for minor depression are identical to those of major depression with the exception that subjects do not report the full five symptoms required for major depression but must report and meet criteria with at least two symptoms) (Table 1) . Twenty-three of the 46 participants who completed the original study (i.e., 50% of the original sample) were included in this study. Inclusion criteria consisted of the availability of plasma samples at each of the three time points in the study (i.e., baseline [pretreatment] and 6 weeks after both DHEA and placebo treatments) and, in women, those who also met the reproductive inclusion criteria (i.e., those women who were peri-or post-menopausal or in whom all blood samples were obtained during the follicular phase of the menstrual cycle). In women, luteal blood samples were excluded because high progesterone levels during the luteal phase would increase plasma levels of allopregnanolone and pregnanolone and complicate comparisons by sex or stage of reproductive life. Details regarding eligibility, recruitment, and study design can be found in the original study (Schmidt et al. 2005) and are briefly described below. This study was approved by the Intramural Review Board of the NIMH. Before participating in the study, all subjects provided oral and written informed consent.
Study design In the original RCT, participants were randomly assigned to one of two groups defined by the order in which DHEA and placebo were administered. Each treatment phase lasted 6 weeks, with 1-2 weeks of washout before crossover.
Patients were treated with DHEA (obtained from Diosynth Biotechnology, Chicago, IL, and National Biochemicals Corporation, Twinsburg, OH), 30 mg three times a day for 3 weeks, followed by 150 mg three times a day for 3 weeks, for a total of 6 weeks. Placebo treatment was also administered for six weeks. Clinic visits during which symptom ratings were completed and blood samples obtained occurred after 3 and 6 weeks of each treatment. Blood samples were obtained prior to 10 a.m. Data for this study were derived from the baseline (pretreatment) and week 6 visits only.
Outcome measures
Targeted neurosteroid and hormone assays Blood samples were drawn at pretreatment baseline, at the end of treatment with DHEA, and at the end of treatment with placebo. Plasma was kept frozen at −80°C until it was analyzed by gas chromatography/mass spectrometry preceded by highp e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y f o r A D T, allopregnanolone, pregnanolone, and pregnenolone quantifications.
Quantification of ADT, allopregnanolone, pregnanolone, and pregnenolone was performed by gas chromatography/ mass spectrometry (GC/MS) preceded by high-performance liquid chromatography (HPLC), as previously described with modifications (Marx et al. 2006b; Marx et al. 2006c; Naylor et al. 2008; Sripada et al. 2013; Sripada et al. 2014) . HPLC purification was performed on an 1100 Series Agilent instrument. Standards and samples were then derivatized using heptafluorobutyric acid anhydride (HFBA) injected onto an Agilent 5973 mass spectrometer (MS) coupled to an Agilent 6890 N-gas chromatograph (GC) equipped with an Agilent HP-5MS 30 m × 0.250 mm × 0.25 μm capillary column. Positive ion electron impact (EI) ionization was used in the GC/MS component, and in positive ion EI mode, samples were analyzed in duplicate using helium as the carrier gas. Deuterated allopregnanolone (D4-allopregnanolone) was utilized as the internal standard for allopregnanolone, pregnanolone, and ADT quantifications; deuterated pregnenolone (D4-pregnenolone) was utilized for pregnenolone quantifications (Cambridge Isotope Laboratories, Inc. Andover, MA). For neurosteroid quantification, the standard curve for the steroid of interest was prepared by combining varying known quantities of the neurosteroid (Steraloids, Newport, RI) with a constant amount of deuterated internal standard. Identically to the samples, the standard curve was extracted three times in ethyl acetate prior to HPLC purification and GC/MS injection (standard curve r 2 = 0.99 for each neurosteroid). The area under the peak of each known quantity of neurosteroid was divided by the area under the peak of the internal standard. This ratio was then plotted on the y-axis against known quantities of each steroid to generate the standard curve. In addition to identifying each neurosteroid's characteristic GC/MS retention time, we were also able to identify a unique mass fragmentation pattern-a definitive structural identifier-for each neurosteroid. Mass spectrometer singleion monitoring (selected ion monitoring (SIM)) was used to focus on the most abundant ion fragment for each HFBA derivative. The mass to charge ratios of the most intense ion fragments in SIM mode for each of the compounds are as follows: ADT=486.2, allopregnanolone=496.2, pregnenolone=496.2, and pregnanolone=298.2. Only peaks with a signal to noise ratio ≥5:1 were integrated. The limit of neurosteroid quantification with this methodology was 2 pg for ADT, allopregnanolone, and pregnanolone and 10 pg for pregnenolone. Intra-assay coefficients of variation were 1.1 % for ADT, 3.2 % for allopregnanolone, 1.3 % for pregnanolone, and 1.5 % for pregnenolone.
Blood samples for DHEA, DHEAS, estradiol (E2), total and free T, and androstenedione were assayed by immunoassay under batched conditions, with samples from the same person run within the same batch at the Mayo Clinic Laboratories in Rochester, MN, or at the Endocrine Sciences Laboratories in Calabasas Hills, CA. Inter-assay coefficients of variation (CVs) in the range of the measured values were as follows (CVs from Mayo Clinic Laboratories appear in parentheses): DHEA=(7.0 %) 8.4 %, DHEAS=(8.0 %) 8.4 %, (Soules et al. 2001 ). All participants met criteria for a current major or minor depression, as determined by the administration of the Structured Clinical Interview (SCID) for DSM IV. All participants were in good health, as evidenced by normal results on physical examinations and laboratory tests (for blood cell counts, electrolytes, liver enzymes, kidney function, and thyroid function). With the exception of one participant, who received a proton-pump inhibitor as a treatment for gastroesophageal reflux, all participants were medication free. In addition, all women had normal mammograms and gynecological examinations, and all male subjects had normal prostatespecific antigen levels BMI body mass index (weight in kilograms divided by the square of height in meters), CES-D Center for Epidemiologic Studies Depression Scale E2=(10 %) 9.2 %, total and free T (calculated)=(9.5 %) 8.9 %, and androstenedione=9.1 %. The measures of total T and free T were performed on serum samples, whereas the remaining hormone levels were measured in plasma. Plasma levels of ADT, allopregnanolone, pregnanolone, and pregnenolone were obtained from samples collected in the original study to permit determination of the correlation with earlier obtained steroids (DHEA(S), T, free T, androstenedione and E2) and the clinical states observed (i.e., depressed vs non-depressed) (Schmidt et al. 2005) .
Depression rating scale Severity of depression was assessed using the Center for Epidemiologic Studies Depression Scale (CES-D) (Radloff 1977) , one of the primary outcome measures employed in the previous trial.
Statistical analysis
Analysis of variance was performed with repeated measures (repeated measures analysis of variance (ANOVA-R)) (Systat 10.0 [SPSS Inc., Chicago, IL]), with the within-subject variable treatment condition (baseline vs. DHEA or placebo) and the between-subjects variable sex. Post hoc testing was performed with Bonferroni t tests.
Since we identified that plasma levels of ADT (but not those of the other neurosteroids measured) increased after DHEA treatment, we then examined the relationship between plasma ADT levels and mood responses to DHEA treatment. A positive mood response to DHEA (i.e., responder) was defined by a 50 % or greater decrease in CES-D scores relative to pretreatment baseline. We performed ANOVA-Rs on both raw and log-transformed plasma ADT levels to evaluate the association between plasma ADT levels and CES-D scores. The within-subject variable was treatment condition (baseline vs. DHEA or placebo), and the between-subjects variables were sex and response to treatment.
Our previous study failed to identify any association between plasma levels of DHEA, DHEAS, total T, free T, and DHEA-induced changes in mood or sexual function (Schmidt et al. 2005) . In order to test these original findings in the subset of the original sample included in the current study, we performed ANOVA-Rs for levels of DHEA, DHEAS, free T, total T, androstenedione, and estradiol, with the within-subject variable treatment condition (baseline vs. DHEA or placebo) and the between-subjects variable sex.
Results

Subject characteristics
Plasma samples were available in 23 of the 46 participants who completed the original study (see BExperimental , allopregnanolone, pregnanolone , and pregnenolone at baseline and after 6 weeks of DHEA or placebo treatment were analyzed in 13 men ranging in age from 42 to 63 years (mean=52.3±7.5 years SD) and 10 women ranging in age from 43 to 57 years (mean=50.5±4.4 years SD). Nine women in the study were post-menopausal or peri-menopausal with amenorrhea, and in the one premenopausal subject, blood for evaluation was drawn during the follicular phase only. Six men and eight women met the criteria for current major depression. All other subjects met criteria for current minor depression (Table 1 ). The subsamples included in this present study were similar to the original sample with respect to treatment response to DHEA as well as baseline and posttreatment hormone measures.
Neurosteroids and hormonal measures Consistent with our previous report in a larger sample (Schmidt et al. 2005) , ANOVA-R showed a significant main effect of condition, reflecting an increase in plasma levels of DHEA, DHEAS, androstenedione, and free T after DHEA treatment compared with baseline and placebo (Table 2) . Additionally, ANOVA-R showed significant main effects of sex for plasma levels of free T and total T (F 1,19 =16.9 and 59.9, p<0.01, respectively), reflecting the higher plasma levels of free T and total T in men compared with women. (Table 2) Compared with both baseline and placebo, DHEA treatment significantly increased plasma levels of ADT (ANOVA-R [effect of drug condition] F 2,42 =36.1, p<0.01). ADT levels at week 6 of DHEA treatment (but not during either baseline or placebo) were significantly higher in women (1301.0 pg/mL) than in men (796.7 pg/mL), ANOVA-R [drug condition × sex] F 2,42 = 3.3, p < 0.05, t 63 = 2.9, p < 0.05) ( Table 2) . Log-transformed ADT values similarly showed a significant drug condition × sex interaction (p=0.02).
Neither BMIs nor plasma DHEA levels differed significantly between men and women (Table 1) , nor were significant correlations observed between BMI and plasma ADT levels (r 2 =−0.14, p=ns) or between BMI and plasma DHEA levels (r 2 =−0.15, p=ns). Finally, the increase in DHEA(S) blood levels after DHEA administration compared with baseline levels did not differ between men and women (t 21 =0.8 and 0.6, respectively, p=ns).
There were no significant correlations between plasma ADT levels at week 6 of DHEA treatment and any hormone measured, with the exception of a significant correlation between the change in plasma ADT from baseline to DHEA treatment and the corresponding change in plasma DHEA levels (r 2 =0.66, p<0.05). However, this correlation did not remain significant after post hoc Bonferroni adjustment for multiple (n=8) correlations.
In contrast to ADT, plasma levels of allopregnanolone, pregnanolone, and pregnenolone showed no significant effects of treatment condition alone or any interactive effects of treatment condition and sex (Table 2) . ANOVA-R showed a significant sex effect for plasma levels of allopregnanolone (ANOVA-R [sex effect]=F 1,21 =6.7, p=0.02), reflecting the higher plasma levels of allopregnanolone observed in women at all sampling points (baseline and after both DHEA and placebo).
ADT plasma levels and behavior
Consistent with results obtained in our earlier study (Schmidt et al. 2005) , the scores of the CES-D significantly improved at week 6 of DHEA treatment compared with baseline and placebo conditions (Fig. 1) . Thus, the treatment response characteristics of this subsample were representative of the larger original sample.
Eight of the ten women and seven of the 13 men met CES-D criterion for response (i.e., 50 % or greater decrease in CES-D scores relative to pretreatment baseline). We observed a significant interaction among drug condition, sex, and mood response (F 1,19 =7.1, p=0.02) which reflected the following: In men and women, plasma ADT levels in responders increased significantly from baseline to the end of DHEA treatment (t 19 =4.4, p<0.01 for both men and women) (Fig. 2) , whereas there was no significant difference in post-DHEA plasma ADT levels between men and women responders (t 38 =0.03, p=ns). Thus, both baseline and post-DHEA treatment levels of ADT were similar in men and women Table 2 Blood hormone levels at baseline and after 6 weeks of treatment with DHEA or placebo in men (n=13) and women (n=10) (mean, SD) a ANOVA-R showed a significant interaction effect of sex by treatment condition in the following: (1) plasma ADT levels, reflecting significantly higher levels of ADT after DHEA treatment in women compared with men t 63 =2.9, p<0.05; (2) plasma total T levels, reflecting a nonsignificant increase in total T levels in women after DHEA treatment (t 63 =1.1, p=ns, baseline compared with week 6 post-DHEA treatment) b ANOVA-R showed significant increases in plasma levels of ADT, DHEA, DHEAS, androstenedione, and free T after DHEA treatment compared with baseline and placebo c ANOVA-R showed significantly higher plasma levels of free T and total T in men and higher plasma level of allopregnanolone in women. There also was a trend for a sex effect in plasma DHEAS levels that reflected higher baseline DHEAS levels in men compared with women (F 1,21 =2.13, p=0.1; Student t 21 (uncorrected)=2.5, p<0.05)
responders. In contrast, non-responders (men [n=6] and women [n=2]) showed a different pattern of change in plasma ADT levels. Non-responding men did not show a significant increase in ADT (plasma ADT levels at baseline compared with week 6 post-DHEA; t 19 =1.2, p =ns), whereas nonresponding women showed a greater increase than women responders (women responders compared with nonresponders; t 38 =3.0, p<0.05) (Fig. 2) .
Discussion
This study yielded two main findings: (1) administered daily, high-dose (450 mg) oral DHEA significantly increases plasma levels of ADT but not allopregnanolone, pregnanolone, and pregnenolone and (2) the antidepressant effects of DHEA are accompanied by a significant increase in plasma ADT levels in both men and women. Notwithstanding the small sample and the presence of men and women with both major and minor depression, the magnitude of the changes in plasma ADT levels after DHEA administration was similar in both men and women whose mood symptoms responded to DHEA, whereas men and women who did not meet criteria for response showed divergent patterns of post-DHEA treatment ADT levels. Despite evidence that DHEA can modulate mood and behavior, the physiologic and therapeutic roles of DHEA are as yet fully characterized. Although some trials demonstrate therapeutic effects of administered DHEA in several behavioral conditions (Maninger et al. 2009 ), other trials find no benefit (Davis et al. 2011) . The absence of a specific mechanism that mediates DHEA's physiologic (or therapeutic) actions contributes to controversy surrounding the identification of a specific role for this hormone. In contrast to other steroid hormones, DHEA does not bind to a parent receptor, although some binding to the androgen receptor has been reported (Lu et al. 2003) . A wide range of possible mechanisms have been proposed to explain the actions of DHEA in humans (Maninger et al. 2009; Sripada et al. 2013; Sripada et al. 2014 ) including the following: serving as a precursor hormone to the sex Plasma ADT levels (pg/ml) Women (n=2) Men (n=6) Fig. 2 Plasma androsterone (ADT) levels in women and men with midlife-onset depression treated with DHEA: association between mood response characteristics and plasma ADT-Mean (SE). After DHEA treatment, both men and women who met our criteria for mood response had a significant increase in ADT plasma levels from baseline to the end of DHEA treatment that was of a similar magnitude (t 19 =4.4, p<0.01, both comparisons). There was no significant difference in week 6 DHEA plasma ADT levels between men and women (t 38 =0.03, p=ns).
In contrast, non-responding men did not show a significant increase in week 6 of DHEA treatment compared with baseline (t 19 =1.2, p=ns) and non-responding women showed a greater increase than women responders (women responders compared with non-responders, t 38 =3.0, p<0.05); however, there were only two women non-responders. In both men and women, plasma ADT levels at baseline prior to treatment were not significantly different between responders and non-responders (women: t 38 =0.13; men: t 38 =0.08; p=ns for both comparisons) steroids estradiol and testosterone; its binding as a neurosteroid to sigma receptors (Debonnel et al. 1996) ; its conversion to neurosteroid metabolites active at the GABA receptor (Park-Chung et al. 1999) ; its role as an antiglucocorticoid (Kalimi et al. 1994; McNelis et al. 2013) ; or more recently, its conversion to ADIOL, a ligand for estrogen receptor beta, which functions in the CNS to suppress inflammatory responses in both microglia and astrocytes (Saijo et al. 2011) . Our data suggest that the neurosteroid metabolite of DHEA, ADT, should be added to the list of potential mediators of DHEA's observed effects on mood.
Changes in plasma levels of ADT accompanied improvements in mood. In men and women who met CES-D criterion for response to DHEA, we observed similar significant increases in plasma ADT levels from baseline to the end of DHEA treatment. Non-responding men showed an attenuated elevation of plasma ADT levels despite receiving the same dosage of DHEA. Paradoxically, women who failed to show a mood response to DHEA showed an exaggerated ADT response to DHEA, but there were only two female non-responders. An abnormal ADT response to DHEA could suggest a difference in HPA pathophysiology relevant to antidepressant responsivity in depression (e.g., abnormalities of 3β-HSD, 5α-reductase, and/or 3α-HSD or other adrenocortical steroidogenic pathway pathophysiology). Clearly, a study with a larger sample of responders and non-responders of both sexes is needed. As an additional caveat, although non-polar steroid hormones (e.g., non-sulfated hormones) freely diffuse across the blood-brain barrier, the measurement of peripheral blood levels cannot necessarily be assumed to reflect brain tissue levels of these steroids due to both the de novo synthesis of neurosteroids within the brain and possible tissueconcentrating effects within the CNS. More research is needed to definitively answer the question of neurosteroid compartmentalization in plasma and brain, but initial evidence suggests potential relationships. For example, levels of DHEA in cerebrospinal fluid are correlated with temporal cortex levels in humans (Naylor et al. 2008) , and rodent pregnenolone levels in serum are closely correlated with hippocampal pregnenolone levels (Marx et al. 2006a ). However, it is possible that some of the observed effects of DHEA on the plasma measures of allopregnanolone, pregnanolone, and pregnenolone do not accurately reflect the effects of DHEA on the brain. Finally, several potentially behaviorally relevant metabolites of DHEA were not measured in this study (e.g., androstenediol), and it is possible that these steroids, like ADT, could have contributed to the observed mood improvements observed after DHEA.
ADT, like other sex steroids, can exert its effect on the central nervous system through several possible mechanisms. It is a weak androgen with a lower affinity for the androgen receptor than either DHT or T but with possibly a greater affinity than DHEA (Liao et al. 1973 ). As noted above, ADT and its sulfate are also potent neurosteroids (Majewska 1992; Park-Chung et al. 1999 ) that allosterically modulate activity at the GABA A receptor complex (albeit potentially in different directions (Park-Chung et al. 1999) ) with an affinity comparable to the neurosteroid allopregnanolone (ParkChung et al. 1999) . Studies in lower animals have demonstrated that ADT increases chloride influx activated by GABA A , with brain region-specific potentiation in the amygdala and hippocampus (Wilson and Biscardi 1997) .
Current evidence suggests that circulating ADT levels are derived from the conversion of androgens in peripheral tissues (Luu-The and Labrie 2010). In this study, we observed a significant increase in plasma ADT levels in both men and women after oral DHEA administration. Our findings are consistent with several studies employing radio-labeled steroids that identified DHEA(S) as the principal precursor of ADT (Lindberg et al. 1966; Roberts et al. 1961) . Our data are also consistent with later reports of significantly elevated plasma ADT (or its glucuronide) and/or androstenedione after the administration of DHEA, either by oral or by transdermal routes (Bloch et al. 2013; Hunt et al. 2000; Kudielka et al. 1998; Labrie et al. 2009; Morales et al. 1998) .
DHEA treatment had no effect on plasma levels of allopregnanolone, pregnanolone, and pregnenolone. We did observe a sex difference in plasma allopregnanolone (but not in plasma pregnanolone or pregnenolone) levels, with women having higher levels compared with men even at baseline prior to receiving treatment. A previous study by Genazzani et al. (1998) observed an age-related decline in plasma allopregnanolone levels in men that was absent in postmenopausal women. Thus, the age of our men and women could contribute to the observed sex difference in allopregnanolone levels. Unfortunately, plasma progesterone levels were measured in neither men nor women, but it is possible that those women who were premenopausal and peri-menopausal had sufficient ovarian function to secrete p r o g e s t e r o n e , t h e r e b y c o n t r i b u t i n g t o e l e v a t e d allopregnanolone levels in the women (Schmidt et al. 1994) .
Our failure to observe an increase in plasma allopregnanolone (or pregnanolone) levels after DHEA treatment could reflect the relatively brief duration of treatment in this study, as well as differences in assay methods. The studies reporting a DHEA-related increase in allopregnanolone involved the administration of DHEA for several months, whereas in this study, DHEA was administered for 6 weeks only. Additionally, in contrast to those studies reporting increases in allopregnanolone, we employed GC/MS techniques and not RIA methods (Bernardi et al. 2005; Genazzani et al. 2003) . Nonetheless, we observed clinical improvements in symptoms and elevated plasma levels of ADT but not allopregnanolone and pregnanolone after 6 weeks of treatment. Finally, despite evidence in rodents that DHEA lowers CNS levels of the anxiogenic neurosteroid, pregnenolone (Melchior and Ritzmann 1994) ,we observed no evidence suggesting that DHEA's antidepressant effects were mediated by alterations in pregnenolone secretion.
Despite several limitations, the current study emphasizes the potential importance of the neurosteroid ADT for the behavioral effects of DHEA. The association between CSF ADT levels and improved male sexual functioning, reported in an earlier study (Bloch et al. 2006) , further supports ADT's behavioral relevance. Our data suggest that the putative psychotropic effects of androgens, including DHEA, may, in fact, reflect changing levels of ADT, which would make it a key mechanism in mood and a worthy subject for future research.
